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1. INTRODUCTION

1.1 BACKGROUND

The Federal Aviation Administration (FAA) is evaluat-
ing a number of candidate navigation systems as either replace-
ments for the current network of VOR/DMEs, or as supplements
to VOR/DMEs in areas not served by that system (Ref. 1). One
candidate system being evaluated is the Loran-C system. For
close to two decades, Loran-C has been utilized for high accu-
racy requirements of the Department of Defense, either as a
relative navigation system or as part of modern avionic navi-
gation systems. In more recent times due to technological
advances and subsequent cost reductions, Loran-C has satisfied
the requirements of a much larger user community; particularly,
the maritime community. In fact, Loran-C has been selected as
the national system to satisfy commercial marine requirements
within the coastal confluence zone (Ref. 46).

Although employed in numerous applications, Loran-C
has not been extensively tested in an operating environment as
an Area Navigation System for use in the U.S. National Airspace
System. General issues which must be addressed in assessing
Loran-C in the context of the requirements of an Area Naviga-
tion System include:

) Accuracy
® Operational Adequacy

® Reliability

1-1




® Pilot Workload

°® Cost.

Accuracy requirements placed on an Area Navigation System are
defined in Ref. 2. The most stringent requirement is 0.3 nm
(206) in crosstrack and downtrack directions during the non-
precision approach phase. This requirement is for the naviga-
tion system contribution only and does not include Flight
Technical Errors. Operational adequacy refers to the ability
to maintain signal lock in various operating conditions such
as thunderstorms, in the presence of radio frequency interfer-
ence (RFI) in the Loran-C frequency band or near power lines.
Reliability is a critical issue for Loran-C since loss of a
transmitter affects numerous users over a wide geographic
area. Pilot workload and cost must also be considered, if
Loran-C receivers are to be installed in aircraft.

1.2 OBJECTIVES

A Loran-C development program (Ref. 1) under the aus-
pices of the FAA is addressing these issues. One of the pro-
gram activities is a ground-based data collection effort being
conducted by the National Aviation Facilities Experimental
Center (NAFEC). Data will be collected in order to provide a
preliminary assessment of Loran-C for application to civil
aircraft navigation. This effort is structured to address
portions of the accuracy and operational adequacy issues. Two |
specific goals of the data collection effort (and the main
issues discussed in this report) are to:

° Develop mathematical models to character-
ize the temporal and spatial variations
in Loran-C signal propagation delay




® Evaluate the operational adequacy of
Loran-C signals, in terms of suscepti-
bility to noise and interference effects,
in the ground environment of a number of
airports.

Development of Loran-C signal propagation models is motivated
by the following considerations:

[ A convenient description of general
propagation characteristics is required
to aid in the planning of FAA ground and
airborne Loran-C tests

° Reference models are required for use in
certifying airborne equipment and conduct-
ing analytic system-level Loran-C studies,
and for implementation in Loran-C system
simulators.

Results of recent Loran-C tests in the airborne environment

are very encouraging for the applicability of Loran-C to civil
aircraft navigation (Refs. 18 and 48). However, these results
are specific to the navigation equipment and operating regions
selected for the tests, and are difficult to extrapolate to
other test scenarios. By collecting Loran-C data at ground-based
monitor sites, rather than in the context of aircraft navigation,
it is anticipated that fundamental signal propagation character-
istics can be identified. The information thus obtained will
enable airborne test results to be extended more readily to
other navigation equipment and operating regionms.

TASC's role in the data collection effort is to
insure, through analysis, that the data collection procedures,
and consequently the collected data, offer maximum utility to-
wards achieving the goals of the data collection effort. This
is a cooperative effort with NAFEC personnel who are procuring
the required equipment and providing operational inputs to the

1-3
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data collection plan. In addition, TASC is defining procedures
for analysis of the collected data for model development. In
particular, four specific areas have been addressed:

o Computer Model Development

. Review of NAFEC Loran-C Data Collection
Plan

° Development of Data Analysis Plan

) Design of Data Management System.

These efforts are obvibusly closely related, with results of

any individual effort affecting the remaining. Taken as a

group, these efforts represent the preliminary design of a
[.oran-C data collection and analysis program directed at
assisting in the evaluation of the future utility of Loran-C

in the U.S. National Airspace System. The term "preliminary
design” is employed for two reasons. First, the NAFEC Loran-C
data collection effort has not yet begun. Once data are col-
lected, analyses will substantiate or refutiate initial as-
sumptions concerning the characteristic of Loran-C signal
propagation. These results may then require a modification of
the models presented in this report. Second, the data collection
procedures proposed in this study represent an initial assessment
of the Loran-C system. The primary goal of the current program
(Ref. 1) is to utilize collected data to enhance the proposed
models and define long-term data collection procedures needed

to increase confidence in the models.

1.3 REPORT ORGANIZATION

) Mathematical development of computer models is dis-
i cussed in Chapter 2. Prior to detailed discussion of these

1-4




models, a brief overview of the Loran-C system and Loran-C
groundwave propagation theory are outlined in order to relate
the structure of proposed models to physical characteristics
of Loran-C signal propagation. A short discussion of modeling
in general, also for background purposes, is incluced prior to
discussion of specific computer models. Review of the NAFEC
Loran-C Data Collection Plan is outlined in Chapter 3. This
material is discussed in detail in Ref. 3 and only portions of
this material, required to maintain report continu: ty, are
included. The interaction between recommended dat: ccollection
procedures and how specific data will be utilized 10 identify
parameters of the proposed computer models is included in
Chapter 3. A separate issue not directly related to the data
collection plan, but more closely to data collection equip-
ment, is also addressed in Chapter 3. This item is the exami-
nation of the effect of notch filters, which are commonly

employed with Loran-C receivers to reduce RFI, on the quality
of collected data.

Recommended data analysis procedures, the subset of
data each procedure will utilize and the anticipated resuits
of this analysis are outlined in Chapter 4. Definition of the
data analysis plan essentially "closes the loop" between pro-
posed computer models and collected data as illustrated in
Fig. 1.3-1. Results of the data analyses enable verification,
enhancement, or modification of existing models. “he block
diagram representation is utilized to enforce the point that
the model development procedure is a dynamic process requiring
a number of iterations before achieving program goals. Figure
1.3-1 indicates the data analysis portion of the program
requires the structure of the computer models as wcll as the
actual collected data. Because of uncertainties in the initial
model structures, non-parametric data analysis techniques will
initially be utilized because they require no a priori

1-5
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LORAN-C F INITIAL ENHANCED 1
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DEVELOPMENT A COLLECTIO
MODEL
CORRECTIONS DATA
——————
ANALYSIS
Figure 1.3-1 Computer Model Development

Block Diagram

information conerning model structure. These techniques, such
as Fourier analysis, relay on statistical and time ard frequency
domain characteristics of the data, independent of the model.
Identification of model parameters is based on parametric data
analysis techniques which rely on a model structure for the
basis of their analysis. Maximum likelihood estimation is an
example of a parametric technique.

An interface between the data analysis program and
collected Loran-C data is required. This interface is pro-
vided by the data management system described in Chapter 5.
The data management system provides a general and flexible
framework for simple and efficient storage, management and
processing of all data. This includes not only the Loran-C
data, but weather data and anomalous event data. A summary of
the efforts is contained in Chapter 6.
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2. LORAN-C MODEL DEVELOPMENT

2.1 OVERVIEW OF THE LORAN-C SYSTEM

The Loran-C radionavigation system consists of trans-
mitting stations which are grouped into chains, each chain

serving a particular coverage area. Four Loran-C chains -- the
*

Northeast U.S., Southeast U.S., Great Lakes, and U.S. West

Coast chains -- currently provide coverage for most of the &8

contiguous states of the United States. The coverage areas

for these chains are shown in Fig. 2.1-1, and the transmitter

° R-51009
50N <
7
¢ \
45°N 4
NORTHEAST U.S./
/
AN
40°N 4 \\
\
o //
35°N 4 r
]
\ \ }
° SOUTHEASTY U.S.
30N - CHAIN Vade
¢ ’
7
—
25°N 4 N !c
g
\
8 -~
20°N - , — m "ﬁ: 30
130°w  120°w 10°w 100°W e0’W 80°w 70°W 60°W
Figure 2.1-1 Approximate Loran-C Chain Coverage

Areas in the United States (Ref. &)

*The Great Lakes chain is scheduled to become operational in
February 1980.
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locations are listed in Table 2.1-1. The Loran-C system. in
its present configuration, does not provide complete coverage
for the central and southwestern United States. A fifth
Loran-C chain, the Gulf of Alaska chain, provides coverage for
the Alaskan Coastal Confluence Zone, but only a small portion
of the Alaskan mainland. The models developed herein are
general enough to be applied to any Loran-C chain. However,
TABLE 2.1-1

LORAN-C CHAINS PROVIDING COVERAGE
FOR THE UNITED STATES*

T-3467
NORTH WEST

TRANSMITTER LOCATION LATITUDE LONGITUDE
(deg-min-sec) (deg-min-sec)
. Master Seneca, NY 42 42 50.603 76 49 33.862
o v Caribou, ME 46 48 27.199 | 67 55 37.713
"‘g X Nantucket, MA 41 15 11.930 | 69 58 39.090
§3 y' Carolina Beach, NC | 3¢ 03 46.040 | 77 54 46.760
g 2! Dana, IN 39 51 07.540 | 87 29 12.140
. Master' Malone, FL 30 59 38.740 | 85 10 09.305
g 2’\ v Grangeville, LA 30 43 33.018 90 49 43.600
g gg X Raymondville, TX | 26 31 55.006 | 97 50 00.093
= EV Y Jupiter, FL 27 01 58.490 | 80 06 53.520
§ @ 2t Carolina Beach, NC | 36 03 46.040 | 77 54 46.760
g " Master' Dana, IN 39 51 07.540 | 87 29 12.140
g gg v Malone, FL 30 59 38.740 | 85 10 09.305
B x' Seneca, NY 42 42 50.603 | 76 49 33.862
gv Y Baudette, MN 48 36 49.826 | 94 33 18.434
Master Fallon, NV 39 33 06.620 | 118 49 56.370
mgg v George, WA 47 03 47.990 | 119 44 39.530
"ue X Middletown, CA 38 46 56.990 | 122 29 44.530
B Y Searchlight, NV 35 19 18.180 | 114 48 17.430

*From Ref. 4.
tDusl-rated transmitter.
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the Northeast U.S. chain (shown in detail in Fig. 2.1-2) is
focused upon, because the initial NAFEC data collection effort
is planned to take place in the northeast region (within a
one-day drive from NAFEC).

Each Loran-C chain indicated in Table 2.1-1 is com-
prised of one master transmitter and three or four secondary
transmitters (designated W, X, Y. and Z). The most common
form of Loran-C navigation is the hyperbolic mode, in which
the Loran-C user is equipped with a receiver which measures
the Time Difference (TD) between the arrival times of the
secondary and master signals. The TD measurement defines a
hyperbolic Line-of-Position (LOP), along which the difference
between secondary-to-user and master-to-user ranges is a con-
stant. Two TD measurements, corresponding to two different

aavyy

WV

—_— /

5
ha;
/

Figure 2.1-2 Northeast U.S. Loran-C Chain
Coverage Area
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secondary/master pairs, define a hyperbolic Loran-C position

fix, as illustrated in Fig. 2.1-3. Other possible modes of
Loran-C navigation include:

° Master-independent hyperbolic mode,
whereby each TD is formed from two
secondary signal arrival times

[ J

Direct-ranging mode, whereby a precision
clock is interfaced with a Loran-C re-
ceiver or additional Loran-C signals are

processed, to estimate signal Time-of-
Arrival (TOA)

R-51098
SECONDARY X
®

JOX op LORAN-C USER

{(HYPERBOLIC FiX)

SECONDARY Y

Figure 2.1-3 Hyperbolic Loran-C Position Fix
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[ Dual-chain hyperbolic or direct~-ranging
mode, whereby signals from two Loran-C
chains are employed simultaneously.

The mathematical models presented in this report are applicable
to all Loran-C navigation modes. However, depending on the
type of data available for model calibration (e.g., TDs vs.
TOAs), it may only be possible to estimate certain combinations
of model parameters and apply the models to certain narigation
modes. The data collection plan recommended by TASC to support
an initial assessment of Loran-C emphasizes the single-chain
hyperbolic mode, which is anticipated to be the primary naviga-
tion mode implemented in low-cost airborne Loran-C receivers.
However, the calibrated models will be applicable to other
navigation modes to the extent detailed herein.

The actual LOPs associated with a Loran-C position
fix differ from the ideal hyperbolic LOPs due to spatial
‘anomalies in the Loran-C signal propagation medium (see Fig.
2.1-4a)., Furthermore, thé spatial anomalies vary with time
due to temporal variations in the propagation medium (see Fig.
2.1-4b). 1In order to account for spatial and temporal varia-
tions in the propagation medium, it is necessary to employ 3

Loran-C signal propagation model -- i.e., a mathematical re-
lationship between signal propagation ﬁath length (and possibly
other path characteristics) and signal propagation time delay.
Candidate models range from a simple médel, utilizing only the
signal propagation velocit§ for free space, to a highly complex
model, which relies on a detailed physiographic description of
the chain coverage area.

In this chapter. Loran-C signal propagation models
are proposed, which will-bé calibratéd and updated using data
collected by NAFEC. These models are referred to as opera-
tional models and could be employed for airborne equipment




a) Spatial Variation b) Temporal Variation

Figure 2.1-4 LOP Distortion Induced by Spatial
and Temporal Variations in the
Signal Propagation Medium

certification and in ahalytic system-level studies. Development
of the operational models leads naturally to sensitivity

models, which can be used to indicate there spatial and temporal
variations in Loran-C TDs are largest. The sensitivity models
are employed in Chapter 3 to identify appropriate data collection
sites for the NAFEC tests.

A review of Loran-C groundwave propagation theory is
provided in Section 2.2 to establish terminology and nomencla-
ture. 1In Section 2.3, the differences between deterministic
and stochastic models, and between theoretical and empirical
models, are addressed in the context of Loran-C operational
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and sensitivity models. Sections 2.4 and 2.5 present descrip-
tions of the proposed operational and sensitivity models,

respectively. In addition to models of Loran-C signal propaga- |
.tion delay, models are developed for Loran-C signal amplitude. !
The signal amplitude model is presented in Section 2.6, together
with a discussion of how the model can be utilized with existing
atmospheric noise data to predict Signal-to-Noise Ratio (SNR). 1
The modeling efforts are summarized in Section 2.7. ‘

2.2 REVIEW OF LORAN-C GROUNDWAVE PROPAGATION THEORY

Conceptually, the Low Frequency (LF) Loran-C signal
is comprised of skywave and groundwave components, as illus-
trated in Fig. 2.2-1. Due to ionosﬁheric fluctuations, the
skywave component of a Loran-C pulse does not contain the

IONOSPHERE R-17004b
A NI et S e

A s T SR RIS LS g

,..éh. £ B Sy ot rjﬂﬁfg‘?ﬁiz& ;

oW W;\lt .

TRANBIITTER ; , ,
W SURFACE f :ih“::wn
Figure 2.2-1 Skywave and Groundwave Components
of the Loran-C Signal
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precise timing information which the groundwave component
con-tains. However, the skywave component is received at a
point in time delayed from the groundwave component, and does
not interfere with its utility in the chain coverage areas
indicated in Fig. 2.1-1. It is assumed in the development of
the models discussed herein that the Loran-C receiver is able
to track the groundwave component of the Loran-C pulse without
skywave contamination.

2.2.1 Time Difference Equation

Each measured TD is a function of signal propagation
delays, the secondary station emission delay,* and measurement
noise. The TD measured at a Loran-~C user location (designated
by u) at time t is denoted by TDi(u,t), for a transmitter pair
consisting of a secondary station (i) and the master station
(m). TDi(u,t) is expressed by:

TD, (u,t) = ¢;(u,t) - ¢ (u,t) + ED,(t) + v;(u,t) (2.2-1)

where

oi(u,t) propagation delay from i to u

Om(u,t) propagation delay from m to u
EDi(t) = emission delay for secondary i

measurement noise

vi(u,t)

Propagation delays and measurement noise depend on the user
location and measurement time, whereas the emission delay is

*Emission delay is the time delay between transmission of the
secondary and master signals.
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the same for all user locations, at any particular measurement

time.

2.2.2 Signal Propagation Delay

Loran-C signal propagation delay depends on the fol-
lowing characteristics of the propagation path:

° Transmitter-to-receiver geodetic range

° Atmospheric refractive index at the
Earth's surface

° Vertical lapse rate (gradient) of the
atmospheric refractive index

® Conductivity of the surface soil or
water and the underlying rock strata ,

°® Terrain topography

® Manmade structures, such as bridges

and power lines.

In principle, the propagation delay can be expressed as the
solution to an electromagnetic wave equation, regardless of
the complexity of the propagation path. However, inclusion of
the effects of topography and manmade structures results in a
significant computational burden, which is not justified in
practical applications of Loran-C propagation theory. A trac-
table solution to the wave equation exists for a propagation
path which is homogeneous in surface refractive index and
vertical lapse rate, and which consists of smooth path seg-
ments, each homogeneous in conductivity.

In this case, the 'solution is given by the equation

0- - c Ri + SF(Ui, oil’ " .0y oiJ, il, 0y RiJ) (202-2)
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where

* :
¢; = propagation delay from transmitter i to user

c = speed of light in free space

n, = surface refractive index

Ri = transmitter-to-user range

o, = parameter related to vertical lapse rate
J = number of path segments

043 = path segment conductivities (j=1,...,J)

Rij = path segment lengths (j=1,...,J)

SF( ) = secondary phase delayT function

The first term in Eq. 2.2-2 is the primary phase delay and is

typically a factor of 100 larger than the second term, the
secondary phase delay. Although the primary delay is the dom-

inant propagation delay component, the secondary delay is more
difficult to compute and, therefore, receives greater attention
in modeling efforts.

The secondary phase delay can be computed using
classical propagation theory (Ref. 5), in the case of a single
path segment with homogeneous conductivity. The classical
theory results are presented in Fig. 2.2-2 for a vertical
lapse rate parameter (a) equal to 0.75 and for various values
of conductivity. The secondary phase delay is a minimum for
sea water paths, and differs only slightly for values of sea

*Propagation delay, phase delay, and time delay are used syn-
onymously, and are expressed in units of usec.

tIn this report, SF is defined to include the combined delay

due to land and sea water paths, not just the delay due to an
assumed all sea water path.
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Figure 2.2-2 Classical Theory Sclution to Secondary

Phase Delay for a Homogeneous Propagation
Path (Ref. 5)

water conductivity between 4.0 mho/m and 6.0 mho/m. On the
other hand, the secondary phase delay is very sensitive to the
value of land conductivity, which ranges from 0.0005 mho/m to
0.01 mho/m, depending on the composition of the land (see Ref.
6). The dependence of secondary phase delay on the vertical
lapse rate parameter differs for different conductivities.

This dependence is shown in Fig. 2.2-3 for a conductivity of
0.005 mho/m.

Classical propagation theory for a mixed conductivity
path is cumbersome and poorly suited for:practical application
(Ref. 7). However, a convenient approximation to the classical
mixed-path theory is provided by Millington's method (Ref. 8).
In Millington's method, secondary phase delay is computed by
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Figure 2.2-3 Effect of Vertical Lapse Rate Parameter
On Secondary Phase Delay (Ref. 5)

combining a number of terms, each term corresponding to the
delay for a homogeneous path segment. For example, Millington's
method for the mixed land and sea water path shown in Fig. 2.2-4
involves six terms:

SF = X[SF(o;,R;) + SF(OS.RL+RS.) - SF(og,R)

(2.2-3)
+ SF(OS,RS) + SF(oL,RL+Rs) - SF(oL,RS)]

where oy and og are the conductivities of the land and sea

water path segments, respectively, and RL and RS are the

associated path segment lengths. Each term in Eq. 2.2-3 is

computed using classical propagation theory for a homogeneous
path (Fig. 2.2-2).
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Figure 2.2-4 Mixed Land and Sea Water Path

Secondary phase delay for a mixed land and sea water
path is plotted in Fig. 2.2-5 for four values of land con-
ductivity and various land path segment lengths. Secondary
phase delay decreases upon crossing the coastline, with the
extent of the decrease depending on the value of land con-
ductivity. Beyond a range of approximately 200 km from the
coastline, the slopes of the secondary phase delay curves
approach the slope indicated for an all sea water path.

Secondary phase delay for a propagation path consisting
of sea water followed by land can be determined from Eq. 2.2-3
with the subscripts "S" and "L" interchanged. (Such a sea
water/land path may be representative if the transmitter is
close to the coast.) Secondary phase delay for a sea water/land
path is plotted in Fig. 2.2-6 for four values of land conduc-
tivity and various sea water path lengths. 1In contrast to a
land/sea water path, secondary phase delay increases upon
crossing the coastline and approaches the slope for an all
land path. The effect of land/sea water and sea water/land
conductivity interfaces is an important issue which should be
addressed in the development of Loran-C models.

Secondary phase delay,is‘alga influenced by receiver
altitude, increasing at the rate of approximately 0.1 usec per
km increase in altitude, over the first 15 km (Ref. 5). This
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effect results in a TD bias for aircraft flying at the same
altitude.

2.2.3 Emission Delay

The emission delay is the time delay between trans-
mission of the secondary and master Loran-C signals (see
Eq. 2.2-1). Although the emission delay for each secondary
station is published as a constant (e.g., see Ref. 4), it is
important to recognize that temporal variations in the emission
delay may be comparable to variations in the transmitter-to-user
propagation delays. Emission delay variations are related to
Loran-C signal timing, which is based on time standards (i.e.,
clocks) located at the transmitters and controlled by a System
Area Monitor (SAM) located in the chain coverage area. The
method employed to time the secondary and master signals has
been changed from a "slaved" to a "free-running" method, since
the advent of the Loran-C systenm.

In the original timing method, the secondary signal
transmission time is slaved to reception of the master signal,
which is itself timed with a cesium beam clock. The master
signal is received at the secondary station and, after a fixed
delay (the coding delay), the secondary signal is transmitted.
Therefore, the emission delay is the shmmation of the coding
delay and the master-to-secondary (i.e., base-line) propaga-
tion delay. In this method, emission delay variations are
caused primarily by weather-induced variations in the base-line
propagation delay, and to a less extent by the long-term
frequency variations of the quartz-crystal oscillator which
establishes the coding delay. The emission delay variations
are controlled by a feedback mechanism involving the SAM
(described below).

i
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In the present timing method, the secondary station
is not slaved to the master station. Rather, the secondary
signal transmissions are timed with a free-running cesium beam
clock, in the same manner as the master signal transmissions.
In this scheme, emission delay variations are caused by the
difference between the frequencies of the secondary and master
clocks, both of which are highly-stable. The frequency dif-

ference is manifested in an emission delay drift, which is
controlled by the SAM.

Although emission delay variations are influenced by
different factors in the slaved and free-running timing meth-
ods, the approach used to control the variations is the same
in the two methods. Loran-C chain control involves the fol-
lowing procedure, which is applied essentially continuously:

o Each TD is measured at a System Area
Monitor (SAM) located in the chain cover-
age area ,

Y The difference between the measured SAM

TD and a reference TD (the Controlling
Standard Time Difference or CSTD) is
computed

° If the difference exceeds an established
tolerance of 50 nsec, the secondary
station is instructed to apply a Local
Phase Adjustment (LPA) to the emission
delay to re-establish tolerance.

The LPAs are based on TDs measured at the SAM, and therefore

are influenced by temporal variations in the transmitter-to-SAM
propagation delays.

In particular, consider the TD equation presented in

Section 2.2.1 (Eq. 2.2-1), with the Loran-C user location u

replaced by the SAM location s. This equation expresses the
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TD measured at the SAM, in terms of propagation delays, the
emission delay, and measurement noise:

TDi(s,t) = ¢i(s,t) - om(s,t) + EDi(t) + vi(s,t) (2.2-4)

Denoting the difference between the measured SAM TD and the
reference TD by

ti(s,t) = TDi(s,t) - CSTDi (2.2-5)

and combining Eqs. 2.2-4 and 2.2-5, yields the following equa-
tion for emission delay:

EDi(t) = CSTDi - Qi(s.t) + 0-(s.t) - vi(s,t) + ti(s,t) |
(2.2-6)

Equation 2.2-6 shows that the emission delay varies with time,
due to transmitter-to-SAM propagation delay variations. The
emission delay also varies with time due to clock drift, but
these variations are bounded by the 50 nsec control tolerance.

Under ideal conditions of no SAM or user measurement
noise (vi = 0), and continuous, precise chain control (ti =
0), Eq. 2.2-6 can be combined with Eq. 2.2-1 to yield:

TDi(U,t) = l.i(u:t) - 0-(u.t)]
(2.2-7)
- [’i(sot) - ‘.(S.t)] + CSTDi

Equation 2.2-7 is employed in the formulation of models for
temporal TD variations.
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2.3 MODELING CONCEPTS

It is useful to consider the relationship between the
Loran-C models presented herein, and models previously reported
in the literature. For this purpose, Loran-C models are clas-
sified according to their utility and data requirements.

Loran-C models are classified according to their
utility, in the following manner:

® Deterministic Model - Used to express TD
values in terms of specific values of
propagation path parameters (e.g., re-
fractive ‘index)

° Stochastic Model - Used to characterize
the ensemble or statistical properties
(e.g., standard deviation) of TD varia-
tions or TD residuals.*

The operational models are initially developed as determinis-
tic models based on characteristics of the Loran-C propagation
medium. Stochastic models, if required, will be developed
when sufficient data are collected to enable a statistically-
based evaluation of TD residuals. It is important to note
that since TD residuals are a function of the deterministic
model, the resulting stochastic model is also a function of
the deterministic model étructure, and therefore cannot be
developed independent of deterministic models. A stochastic
model could be employed to process TD residuals in conjunction
with other navigation information in a statistically-based

procedure (e.g., Kalman filter; Ref. 17) in an airborne Loran-C
navigation system.

*TD residuals are the differences between deterministic model
predictions and measurements.
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Loran-C models can also be classified according to the

data required for mocdel development, in the following manner:

° Theoretical Model - Structure and coef-
ficients based solely on Loran-C propaga-
tion theory; not calibrated using TD data

® Semi-Empirical Model - Structure based

on theory, but coefficients calibrated
using TD data

'Y Empirical Model - Structure and coeffi-
cients based solely on TD data.

The operational models are based partly on Loran-C propagation
theory, since they are intended to be applicable in large geo-
graphic areas where only sparse data may be collected. However,
the models are formulated as semi-empirical models which can be

calibrated and updated using Loran-C data.

Specific examples of the types of Loran-C models de-
fined above are indicated in Table 2.3-1, including models

developed by TASC for the U.S. Coast Guard and Transportation

Systems Center. Of particular interest in the present study

are the semi-empirical range- and bearing-dependent mcdels

developed for the St. Marys River and U.S. West Coast Loran-C
chains (Refs. 11 and 12).

2.4 LORAN-C OPERATIONAL MODELS FOR CIVIL AIRCRAFT NAVIGATION

The Loran-C operational models must be consistent with
the navigation system accuracy requirements established by the
FAA Area Navigation Systems Specification (Ref. 2), as presented

in Table 2.4-1. The accuracy requirements for non-precision
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TABLE 2.3-1
EXAMPLES OF LORAN-C MODELS

T-3468
’ DETERMINISTIC ‘ STOCHASTIC
2| lntegral Equation for Differential Loran-C
§ Terrain Effect (Ref. 9);| Error Model
51 Prediction Technique Emphasizing Land/
§ for Vertical Lapse Rate | Sea Water Interface
£] Effect (Ref. 10) Effect (Ref. 14)
| Range- and Bearing- Vertical Lapse
é Dependent Models for Rate Model, Characterized
E St. Marys River by a Temporal Markov
& and U.S. West Coast Process With Variance
m| Loran-C TD Grids Computed From Weather
S| (Refs. 11 and 12) Data (Ref. 15)
Orthogonal Polynomial Error Model for Grid
§ Representation of TD Warpage, Characterized
&| Grid Warpage by a Spatial Markov
g (Ref. 13) Process (Ref. 16)

*A semi-empirical stochastic model based on TD data
was not encountered during the literature survey.

TABLE 2.4-1

AREA NAVIGATION SPECIFICATION FOR
U.S. NATIONAL AIRSPACE SYSTEM *
(AIRBORNE EQUIPMENT ERROR CONTRIBUTION)

CROSSTRACK OR DOWNTRACK
FLIGHT PHASE | ERROR SPECIFICATION, 20

Enroute 1.5 nm (2.8 km)

Terminal 1.1 nm (2.0 km)

Non-Precision 0.3 nm (0.6 km)
Approach .

*From Ref. 2.
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approach are significantly more stringent than accuracy require-
ments for the enroute and terminal flight phases. Since the
accuracy specified for non-precision approach is only required
in limited geographic regions near airports, the following
two-tier operational model is proposed:

3 Global Operational Model - Valid through-
out the Loran-C chain coverage area, but
meeting only the enroute and terminal
accuracy requirements

° Local Operational Model - Valid only in
the airport approach area*, and meeting
non-precision approach accuracy require-
ments.

A global model is required for each Loran-C chain, and a local
model is required for each airport. However, it is advanta-
geous to select general global and local model structures,
which -- upon assignment of appropriate values to model co-
efficients and/or propagation path parameters -- can accommo-
date any particular Loran-C chain or airport.

2.4.1 Global Operational Model

The accuracy requirements for enroute and terminal
flight are expected to be achievable with existing models, in
a large portion of the published Loran-C chain coverage areas
(see test data in Ref. 18). The U.S. Coast Guard presently
employs Millington's method (see Section 2.2) and a map of

*The airport approach area encompasses flight operations
between the "final approach waypoint" and the airport (Ref. 2).
Although the final approach waypoint is typically less than
10 km from the airport, the approach area is conservatively
defined to be a circle with a 20-km radius centered at the air-
port, for the purpose of this study.
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effective ground conductivity*,

TD grid (LOP) charts.
(comparable to the map shown in Fig. 2.4-1) is initially de-

veloped from physiographic data, and subsequently calibrated

using Loran-C TD data.

L A e —— -

in the generation of Loran-C
The effective ground conductivity map

The conductivity map is adjusted until

the residual error between predicted and measured TDs approaches

0.2 usec (20), thereby resulting in position errors less than

0.5 km (20) for much of the chain coverage area. 1In regions

affected by large conductivity gradients, however, the TD

---------

Ao/
NUMBERS ON MAP REPRESENT ESTIMATED EFEECTIVE

GROUND CONDUCTIVITY IN MILLIMHOS PER METER

CONOUCTIVITY OF SEAWATER I8 NOT SHOWN ON MAP
SUT IS ASSUMED TO BE 5000 MILLIMHOS PER METER

Effective Ground Conductivity Map
for the United States (Ref. 6)

Figure 2.4-1

*Effcctiye ground conductivity accounts for the effects of sur-
face soild and water, as well as terrain topography and

subterranean rock strata.
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residuals may exceed 1.0 psec (e.g., the Southern California
Coastal Confluence Zone; see Ref. 10). In these regions, the
TD grid is adjusted, by using force-fit techniques (Ref. 20)
and additional TD data. Note that the U.S. Coast Guard approach
does not account for temporal variations in signal propagation
parameters. The surface refractive index and vertical lapse
rate are chosen to equal the values for a standard atmosphere
(n = 1.000338 and a = 0.75). The conductivity map is cali-
brated using data collected at various times of the year and,
therefore, is considered to represent the "average" conductiv-
ity characteristic. The U.S. Coast Guard approach also does
not account for altitude effects.

An alternative to the U.S. Coast Guard approach is
given by semi-empirical range- and bearing-dependent models.
An exampie of a range- and bearing-dependent model is provided
by the TASC TD grid prediction model, designed for the Southern
California Coastal Confluence Zone (Ref. 12). This model is
calibrated with TD data collected at the land and sea sites
shown in Fig. 2.4-2. The secondary phase delay for the land
segment of the transmitter (i)-to-receiver signal propagation
path is modeled by

SFi = a+b Ri + f(ci, di’ ﬁi) (2.4-1)
where
a, b, Cis di = calibrated model coefficients
f( ) = bearing-dependent function

(harmonic series)

>
"

path segment range

A~
n

path bearing angle
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Data Collection Sites for U.S. West

Coast Loran-C Chain Calibration

The secondary phase delay for the sea water path segment is
modeled by classical theory, and the total delay is based on

Millington's method.
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The range/bearing concept is well-suited to marine
applications, since it is only necessary to model the land-path
SF along the coastline. This results because the Loran-C re-

ceiver is on the sea water path segment of a mixed land and

sea water propagation path. If the land-path SF is known

(i.e., at the coastline), it is straightforward to extrapolate

SF to the receiver, using classical theory for the sea-path SF
and Millington's method to estimate the total SF. Compl-x
variations in the land-path SF (such as those associated with

the San Joaquin Valley; see Fig. 2.4-2) can be modeled by a
bearing-dependent function, permitting the range-dependence to

be decoupled and kept simple (see Eq. 2.4-1). In applications

of Loran-C over land, however, it is necessary to model land-path
SF in the entire chain coverage area. Therefore, the model

would include a complex function in which range and bearing

are strongly coupled, likely imposing significant data collection
requirements and model calibration problems. For these reasons,
a global operational model, based on the range/bearing concept,
is not considered to be a viable alternative to the U.S. Coast
Guard model.

1t is recommended that the global operational model
be based on the U.S. Coast Guard TD grid. If the Loran-C
system is selected as a replacement for the VOR/DME system,
specific techniques should be developed to compress the U.S.
Coast Guard TD grid for efficient storage and to interpolate
between the points of the compressed grid for enroute/terminal
navigation. Since the U.S. Coast Guard approach is based on a
conductivity map, TOA grids can be computed and stored in the
same manner as TD grids. Thérefore, the approach is applicable
to all modes of Loran-C navigation, not just single-chain
hyperbolic mode. 1t is expected that the approach can meet
the enroute and terminal accuracy requirements, without the
need for a model of temporal and altitude effects. If data
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from NAFEC ground and airborne tests indicate that tempotal
and altitude effects are larger than expected, it may be
necessary to appropriately modify the U.S. Coast Guard TD
grid.

2.4.2 Local Operational Model

The global operational model discussed in Section
2.4.1 is not expected to meet the accuracy requirements for
non-precision approach (0.6 km, 20), with the possible excep-
tion of airports which exhibit good Loran-C geometry. To ob-
tain the specified accuracy, it may be necessary to design a
local operational model for the approach area of each airport.
It is considered to be impractical and unnecessary for the
local model TD grid to be coincident with the global model TD
grid, in the approach area.

The local model can be formulated with a less complex
spatial structure than the global model, because it applies to
a limited geographic region (i.e., a circle with a 20 km
radius). However, in contrast to the global model, the local
model should include the effect of temporal TD variations.
(Based on data in Refs. 21, 22, and 23, temporal TD variations
may exceed 1.0 psec at certain locations in the chain coverage
area.) The recommended local model is characterized by inde-
pendent temporal and spatial components, as illustrated in
Fig. 2.4-3 and defined below:

° A model of temporal TD variations at the
airport i;seI%

° A model of spatial TD variations for the
airport approach area; the modeled
quantity is the difference (assumed con-
stant) between the TDs in the approach
area and at the airport.
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b) Local Model Predictions

Definition of Temporal and Spatial

Compoments of Local Model

It is possible that the character of spatial TD variations may

vary with time, thus requiring a coupling between the temporal
and spatial model components.

Local Temporal Model - 1t is advantageous to choose a

for each airport.

?

local temporal model structure, which is applicable to all
airports, and to determine specific model coefficient values

The amount of TD data required to calibrate
the model coefficients can be minimized by employing the
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relationship between TDs and physical parameters (e.g., tempera-
ture). In particular, if historical data are available for the
physical parameters these data can supplement the TD data.
Alternatively, the physical parameters can be interpreted as
independent variables and updated in real time via physical
measurements. However, this is less desirable from an opera-
tional viewpoint. The local temporal model described below

can be utilized with either historical or real-time data.

The required Loran-C signal propagation parameters
(i.e., refractive index, vertical lapse rate, and conductivity)
can be expressed in terms of physical parameters. Refractive

index (n) is related to surface meteorological parameters in
Ref. 25 by

e RH 6

n=1.0+]|77.6 &+ 3730.0 —;2— x 10° (2.4-2)
where
p = atmospheric pressure (mbar)
T = absolute temperature (°Kelvin)
RH = relative humidity (percent)
e, = saturation water vapor pressure (mbar),

at temperature T

Historical refractive index data are summarized in Ref. 26,
based on National Weather Service meteorological data and Eq.
2.4-2. Available data summaries include seasonal refractive
index cycles for certain National Weather Service stations
(e.g., see Fig. 2.4-4), and refractive index contour maps for
the United States (e.g., see Fig. 2.4-5).

The vertical lapse rate parameter (a) is normally
defined in terms of the change in refractive index between the

surface and 1.0 km altitude (i.e., the vertical lapse rate or
An), by the equation
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Seasonal Refractive Index Cycle
for Washington, D.C. (Ref. 26)
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Figure 2.4-5

Refractive Index Contour Map for
the United States (Ref. 26)
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a =1+ 6378 An : (2.4-3)

A radiosonde profile of pressure, temperature, and humidity
can be employed in the computation of An, using Eq. 2.4-2.
Historical vertical lapse rate data, based on National Weather
Service radiosonde data, are summarized in Ref. 26. (Examples
of vertical lapse rate contour maps for the United States are
presented in Fig. 2.4-6.) Although it is preferable to compute

R-51122
ey -

77735, VERTICAL LAPSE RATE, -onx10°

a) January, 0300 Greenwich Mean Time

e
/’r 139_40 verrica
I/ 4 . . ] ]

R-S1123

L LAPSE RATE, -onx10°

b) July, 0300 Greenwich Mean Time

Figure 2.4-6 Vertical Lapse Rate Contour Maps
for the United States (Ref. 26)
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the vertical lapse rate from radiosonde data, these data are
collected less frequently and at fewer locations than surface
meteorological data. However, for most meteorological condi-
tions, the vertical lapse rate is highly correlated with
surface refractive index (n}. 1In Ref. 27, the following

regression equation is fit to 888 pairs of data from 45 National

Weather Service stations:
Ar = -7.32 x 1078 3577 (n-1) (2.4-4)

The resulting correlation coefficient (0.93) makes Eq. 2.4-4

very attractive for practical computation of vertical lapse
rate.

Ground conductivity, unlike refractive index and
vertical lapse rate, can not be related to routinely-measured
physical parameters. (Conductivity maps, such as presented in
Fig. 2.4-1, are based on physiographic considerations and LF
data.) In Ref. 28, the conductivity of soil, o (mho/m), is
expressed in terms of the soil moisture content W (percent by
volume) and the soil temperature T (°C) by

0= 7.7x 1072 (0.73 W2 + 1) (1 +0.03T) (2.4-5)

However, application of Eq. 2.4-5 is complicated by variability
in rainwater absorption and by the necessity to account for

soil and rock strata as deep as the skin depth (20 m to 200 m;
Ref. 29).

Based on the above discussion, it is suggested that
the local temporal model include theoretical terms for refrac-
tive index and vertical lapse rate, but an empirical term for
conductivity. The hypothesized model incorporates the follow-
ing functional form for propagation delay:
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ni(t)
oi(t) = < Ri + 0.00373 [ai(t) - 0.75] Ri

+ [ai R, sin(2nft + ei) + bi] (2.4-6)
where
t = time of year (days)
¢i(t) = propagation delay from transmitter i
to the airport (usec)
Ri = transmitter-to-airport path range (km)
¢ = speed of light in free space ( 0.30 km/psec)
ni(t) = average refractive index along path
ai(t) = average vertical lapse rate parameter
along path »
a,, 61, bi = uncertain coefficients characterizing the ‘

effect of conductivity (pusec/km, rad, psec)

f = seasonal frequency = 1/(365 days)

The refractive index term in Eq. 2.4-6 is simply the primary

phase delay (see Eq. 2.2-2); the vertical lapse rate term is 1
based on a linearization of the classical theory secondary i
phase delay (see Fig. 2.2-3); and the conductivity term is i
empirical with a sinusoidal time dependence. The following

remarks apply to the calibration and utility of the model:

° The time functions ni(t) and ai(t) are

computed from historical or real-time
meteorological data (e.g., see Figs.
2.4-3, 2.4-4, and 2.4-5) '

° The coefficient (0.00373) in the verti-
cal lapse rate term is based on a nominal
conductivity of 0.005 mho/m, and may
alternatively be replaced by an uncer- \
tain coefficient ‘
|
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® The uncertain model coefficients are
calibrated using seasonal TD data col-
lected at the airport

® The sinusoidal structure for the con-
ductivity term is subject to modifica-
tion based on data

) The coefficient values are generally
transmitter- and airport-dependent

e The TD model consists of Eq. 2.2-7, with
Eq. 2.4-6 substituted for propagation
delays; propagation delay models are
required for the secondary and master
transmitters, for both the airport and
the SAM

° Only certain aggregates of model parame-
ters can be calibrated with TD data;
specifically, the parameters for master
and secondary paths can not be isolated
(see Section 4.3.5)

° The model is only applicable to single-
chain hyperbolic mode when calibrated
with TD data from the chain; models for
two TDs (e.g., TDX and TDY) can be
subtracted to obtain a model for the
master-independent mode.

Techniques for calibrating the model coefficients are dis-
cussed in Chapter 4.

Local Spatial Model - The local spatial model, as
indicated in Fig. 2.4-3, is employed to extrapolate from the
airport TD (given by the local temporal model) to the TD at
each location in the airport approach area. The extrapolation

is assumed to be constant in time, a simplification which is
expected to be compatible with non-precision approach accuracy
requirements, but must be verified with collected data.

The proposed local spatial model is a semi-empirical

model, and is based on the coordinate system shown in Fig. 2.4-7.
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Figure 2.4-7 Range/Bearing Coordinate System
for Local Spatial Model

The coordinates are the transmitter-to-receiver range (Ri) and
bearing (Bi), where the reference range (Ri) and bearing (Bi)
are those associated with the airport itself. This coordinate
system is selected because Loran-C signal propagation paths

are radials from the transmitter to the receivers. Signal
propagation theory can be used to greater advantage in a
transmitter-oriented coordinate system, than it can in an
airport-oriented coordinate system (e.g., where the coordinates

1
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are the airport-to-receiver range and bearing). If an airport-

oriented coordinate system were employed, an empirical model
would be more appropriate.

The local spatial model incorporates the following
functional form for propagation delay:

n.
80, ={C—1 + 0.00373 (a; - 0.75)

1

+ gi + di (ﬁi - ai)} [Ri - R.} (2.4-7)

where

A¢. = difference between propagation delays from
transmitter i to the receiver, and to the
airport (psec)

R., R. = ranges defined in Fig. 2.4-7 (km)

B. = bearings defined in Fig. 2.4-7 (rad)

¢ = speed of light in free space ( 0.30 km/usec)

n, = average refractive index along path
Ei = average vertical lapse rate parameter along path
§i, di = uncertain coefficients characterizing the effect

of conductivity (psec/km, psec/km/rad)

The following remarks apply to the calibration and utility of
the model:

° The values of n, and oy are selected

as the annual mean values of ni(t) and
ai(t), from historical meteorological data

° The uncertain model coefficients are
calibrated using spatial TD data col-
lected in the airport approach area
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° The linear structure for the conductivity
term is subject to modification based on
data

° The coefficient values are generally
transmitter- and airport-dependent

® It may be necessary to augment the model
to include a term which is linear in
altitude, depending on the results of
airborne tests

° The TD at a receiver location in the
airport approach area is predicted by
adding the quantity A¢. - A¢_ (for
secondary i and master’m) to™the TD pre-
dicted by the local temporal model.

® All model parameters can be calibrated
with TD data, due to the observability
afforded by collecting TD data at various
ranges and bearings (Refs. 11 and 12);
if bias parameters are included in the
model, only the difference between
secondary and master biases can be
calibrated

[ The model is applicable to any Loran-C
navigation mode, even though it is
calibrated with TD data; the only terms
of the model which are needed are those
associated with the relevant Loran-C
stations.

For most airport locations, the sector of bearing angles sub-
tended by the airport approach area is very narrow. For
example, if the airport is greater than 200 km from the trans-
mitter, the sector is less than 0.2 rad (12 deg) wide. It is
likely that the bearing dependence included in Eq. 2.4-7 is
negligible for narrow sectors -- i.e., di is relatively small.
In this case, the effect of conductivity is characterized by
gi. which is termed the "Loran-C scale factor."
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The Loran-C scale factor depends on the slope of the
secondary phase delay curve over the range interval relevant

to the particular transmitter and airport approach area. For

example, if the propagation paths from the transmitter to the
airport approach area are all-land paths with homogeneous
coinductivity, the scale factor is given by the slope of the
appropriate secondary phase delay curve in Fig. 2.2-2. The
propagation paths for other airports may be mixed land/sea
water or sea water/land. In these cases, the scale factor is
given by the slope of the appropriate secondary phase delay
curve in Fig. 2.2-5 or 2.2-6. The slope depends primarily on
the conductivity of the land path segment and on the range

from the airport to the coastline (in the transmitter direction).

This dependence is illustrated in Fig. 2.4-8, where secondary
phase delay is plotted relative to its value at the coastline
for a land/sea water path. The slopes of the curves depend on
land conductivity for coastline-to-airport ranges less than
200 km. However, for ranges greater than 200 km, the curves
approach a common slope -- the slope for an all sea water
path.

2.5 LORAN-C SENSITIVITY MODELS FOR SELECTION OF DATA
COLLECTION SITES

A plan is proposed in Chapter 3, whereby NAFEC can
collect Loran-C data to calibrate and refine the local opera-

tional models presented in Section 2.4.2. Specifically,

Loran-C receivers are to be placed at certain fixed sites, to

monitor temporal TD variations for a year, and on a mobile
test van, to monitor spatial TD variations in the approach
areas of several airports. The fixed-site and mobile-site
data will be employed in analyses of local temporal models and
local spatial models, respectively.
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Value at the Coastline) on the Sea Water
Path Segment of a Mixed Propagation Path

Sensitivity models have been developed to aid NAFEC
in selecting fixed and mobile data collection sites. The
models are intended to characterize TD variations (temporal or
spatial) in terms of propagation parameter variations. Data
collection sites should be selected in regions where the
predicted TD variations are largest, so as to maximize the ob-
servability of model coefficients.

2.5.1 Temporal Sensjitivity Model

The purpose of the temporal sensitivity model is to
indicate those regions of the Loran-C chain coverage area
which exhibit the largest temporal TD variations. The intent
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is to predict the sensitivity of temporal TD variations to

signal propagation parameter variations, rather than to predict
the temporal variations themselves. To meet this objective
with a simple model, the following assumptions are made:

° The Loran-C chain coverage area is
homogeneous in refractive index, verti-
cal lapse rate, and conductivity

'Y The nominal value of conductivity is
0.005 mho/m and variations about the
nominal are less than *0.002 mho/m

® The model is only employed to compare
temporal TD variations at locations
greater than 200 km from the Loran-C
transmitters.

Under these assumptions, the temporal variation in propagation
delay, induced by temporal variations in propagation parameters,

is

6¢i(u) = [3.33 6n + 0.00373 80 - 0.173 60] Ri(u) (2.5-1)

where
6¢i(u) = temporal variation in the propagation
delay from transmitter i to the user
location u
Ri(u) = transmitter-to-user range
on, 8a, 60 = temporal variations in n, a, and 0;

60 is in units of mho/m

Equation 2.5-1 is derived by linearizing Eq. 2.2-2 about nomi-
nal values of vertical lapse rate (o = 0.75) and conductivity
(6 = 0.005 mho/m). The coefficients for the vertical lapse
rate and conductivity terms differ from those in Eq. 2.5-1, if
different nominal parameter values are selected.
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By employing Eqs. 2.2-7 and 2.5-1, the TD variation
may be expressed by

8TD, (u) = [60,(u) = S0 (W] - (60,(s) - S0, (s)]

[3.33 6n + 0.00373 6a - 0.173 60]
x [Ri(u) - Rm(u)] - [Ry(s) - R (s)] (2.5-2)

where i and m denote the secondary and master transmitters,
respectively, and u and s denote the user and SAM locations,
respectively. Knowledge of the statistics of propagation

parameter variations is not required to apply Eq. 2.5-2. The
equation defines the sensitivity of TD variations to arbitrary

propagation parameter variations. TD sensitivity is zero
along the hyperbolic LOP which passes through the SAM, and
increases with increasing "double range difference," the
quantity in braces in Eq. 2.5-2.

TD sensitivity predictions are illustrated for TDW
for the Northeast U.S. Loran-C chain, in Fig. 2.5-1. The
hyperbolic LOPs are labeled with the associated double range
difference. Temporal sensitivity is zero along the hyperbolic
LOP which passes through Cape Elizabeth, Maine -- the control-
ling SAM for TDW. Temporal sensitivity curves for TDX, TDY,
and TDZ, for the Northeast U.S. chain, are presented in Chap-
ter 3.

2.5.2 Spatial Sensitivity Model

The purpose of the spatial sensitivity model is to
indicate those directions in the airport approach area which
exhibit the greatest TD sensitivity to uncertainty in the
Loran-C scale factor (defined in Section 2.4.2). The model is
based on the following assumptions:
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Figure 2.5-1 Temporal Variation Sensitivity for the

Northeast U.S. Loran-C Chain (TDW)

° The scale factors for the secondary and
| master paths may be different, but their
| variances (uncertainties) are equal;
i.e., var £i = var §m

® The secondary and master scale factors
are correlated with correlation coeffi-
cient p.

lt can be shown that the corresponding TD variance is expressed
by the equation
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[(1 +p) (1 - cos 8) x°

var TDi
+ (1 - p) (1 + cos 8) y2] var §i (2.5-3)

where

X, y = coordinates indicating the Loran-C user
location in the airport approach area
(see Fig. 2.5-2)

6 = angle subtended by the secondary and
gagteg paths at the airport (see Fig.
. ‘2 . N

Equation 2.5-3 indicates that the sensitivity of the TD vari-

ance to the scale factor variance (i.e., var TDi/var {i) is
constant on ellipses centered at the airport.

SECONDARY

Figure 2.5-2 Coordinate System for Spatial
Sensitivity Model
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The orientation of the elipses depends on the cor-
relation coefficient p and the secondary/master subtended
angle 0, in the manner indicated in Fig. 2.5-3. The "switch-
ing curve," defined by the equation p = cosve, partitions the
p-6 plane into two regions. Above the switching curve, the
major axis of the ellipse is aligned with the hyperbolic LOP
which passes through the airport, while below the switching
curve, the major axis is perpendicular to the LOP. The major
axis of the ellipse does not switch discontinuously; rather,
the ellipses degenerate to circles for p-6 pairs on the switching

R46982
LoP
+1
MAJOR AXIS L——““’.
PARALLEL TO —1
HYPERBOLA
b4 Q
3
-
w
35 o
8 8 = cosd
LOP MAJOR AXIS
A — PERPENDICULAR
TO HYPERBOLA
o ] 180
MASTER/SECONDARY SUBTENDED ANGLE AT USER, ¢ (deg)
Figure 2.5-3 Orientation of Elliptical Contours

Predicted by Spatial Sensitivity Model
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curve. Generally, p is positive and increases with decreasing
8 (secondary and master paths overlap for 6 = 0 deg), thereby
resulting in elliptical contours with major axes aligned with
the LOP. In this case, it is advantageous to cluster the
mobile data collection sites along the perpendicular to the
LOP, since this is the direction of maximum TD sensitivity.
The utility of the spatial sensitivity model in the selection
of data collection sites is discussed further in Chapter 3.

2.6 LORAN-C SIGNAL AMPLITUDE MODEL

As with the phase of the LF groundwave, signal ampli-
tude is also a complex function of the propagation medium.
The most common procedure for evaluating these effects is
through use of classical theory which assumes a homogeneous
propagation medium. Based on this approach, the Loran-C
signal amplitude can be calculated as a function of range from
the transmitter (assumed to be a vertical electric dipole) for
various values of ground conductivity and vertical lapse rate.

The signal amplitude model is based on classical
theory curves of amplitude versus range, which are parametric
in conductivity and peak transmitter power. Vertical lapse
rate is not a critical factor for the range of parameters con-
sidered (Ref. 5). The classical theory signal amplitude pre-
dictions (Ref. 5) are depicted in Fig. 2.6-1 as a function of
range from the transmitter. These curves are for a vertical
dipole of 1.0 amp-meter and correspond to an assumed vertical
lapse rate parameter (o) of 0.75. Over a range of one to 900

nm, the set of curves depicted in Fig. 2.6-1 can be least-squares

fit to the expression:

S = 106.6 - 20 logyoR - a RP + 10 log, P (2.6-1)
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Figure 2.6-1 Amplitude of Loran-C Groundwave
(Classical Theory; Ref. 5)

where
S = signal strength (dB relative to luv/m)
R = distance from transmitter (nm)
P = peak transmitter power (kw)
o = ground conductivity (mho/m)

The parameters o and B are defined as a function of ground
conductivity in Table 2.6-1. Over the range of parameters
defined in Fig. 2.6-1, the model has a 1.6 dB rms error and a
5.8 dB maximum error. The maximum error occurs at long range
and low conductivity, which would be representative of a long
propagation path consisting of glacial ice aﬁd”is,.in general,
not critical for the current study. In addition, based on .
measurements of the variation in actual signal strength for -
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TABLE 2.6-1

PARAMETER VALUES FOR LORAN-C SIGNAL AMPLITUDE MODEL

T-3469

GROUND CONDUCTIVITY RANGE

Glacial Ice: 3.11
Land: 6 x 10'5 $0§2x 1002 | 1.69 x 10°6 o-1-475
Seavater: o0 > 2 x 10-2 -7.580 x lo'a

0.465
0.398 lo;loo + 2.156
1.466

the St. Marys River chain (Ref. 11), this modeling error is

not significant. For mixed conductivity paths, Millington's

method is applicable with amplitude dependence (in dB units)

replacing phase dependence in Eq. 2.2-3.

In general, Loran-C receiving equipment does not gen-

erate an estimate of signal strength, but rather an estimate

of signal-to-noise ratio. To supply data consistent with this

output, CCIR noise tables (Ref. 30) can be used to give averages

of expected noise for various seasons. Noise in the Loran-C

frequency band, primarily due to local thunderstorms, has

significant high-frequency content and cannot, in general, be

predicted except for these average values.

Signal-to-noise

ratios are desired for two sites (see Chapter 3) where data
will be continually collected. These are London, KY and

Buffalo, NY. Based on the signal amplitude model previously
presented, Table 2.6-2 lists the estimated signal strength at

these two locations for each transmitter in the Northeast

chain, assuming a ground conductivity of 0.005 mho/m. A

24-hour average of the seasonal median noise at the two sites

is listed in Table 2.6-3. These data are from Ref. 30 and

assume a 45 kHz bandwidth for the Loran-C receivers.
the data in Tables 2.6-2 and 2.6-3, adequate signal-to-noise

ratio should be available at both sites (see Table 2.6-4).
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TABLE 2.6-2

ESTIMATED SIGNAL STRENGTH

SIGNAL STRENGTH
TRANSMITTER (dB relative to 1 pv/m)
LONDON, KY BUFFALO, NY
Seneca, NY
(Master) 74.0 98.5
Caribou, ME
(W) 52.5 67.5
Nantucket, MA
(X) 60.0 72.5
Carolina Beach, NC 78.0 71.0
(Y) . -
Dana, IN
(z) 81.5 71.5
TABLE 2.6-3

SEASONAL MEDIAN NOISE (24-HR AVERAGE)

NOISE LI-JVE:E*r
SEASON (dB relative to 1 uv/m)
LONDON, KY | BUFFALO, NY

Winter

(Dec-Feb) 25.3 24.5
Spring

(Mar-May) 37.5 34.5
Summer

(June-Aug) 43.5 40.5
Fall

(Sept-Nov) 33.5 31.5

*For a 45 kHz receiver bandwidth.
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TABLE 2.6-4a

ESTIMATED SIGNAL-TO-NOISE RATIO
FOR SENECA TRANSMITTER

SIGNAL-TO-NOISE RATIO
SEASON (dB relative to 1 pv/m)
LONDON, KY BUFFALO, NY
Winter 48.5 74.0
Spring 36.5 64.0
Summer 30.5 58.0
Fall 40.5 67.0
TABLE 2.6-4b

ESTIMATED SIGNAL-TO-NOISE RATIO
FOR CARIBOU TRANSMITTER

SIGNAL-TO-NOISE RATIO
SEASON (dB relative to 1 pv/m)
LONDON, KY BUFFALO, NY
Winter 27.0 43.0
Spring 15.0 33.0
Summer 9.0 27.0
Fall 19.0 36.0
- -
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TABLE 2.6-4c

ESTIMATED SIGNAL-TO-NOISE RATIO
FOR NANTUCKET TRANSMITTER

SIGNAL-TO-NOISE RATIO
SEASON (dB relative to 1 pv/m)
LONDON, KY BUFFALO, NY
Winter 34.5 48.0
Spring 22.5 38.0
Summer 16.5 32.0
Fall 26.5 41.0
TABLE 2.6-4d

ESTIMATED SIGNAL-TO-NOISE RATIO
FOR CAROLINA BEACH TRANSMITTER

SIGNAL-TO-NOISE RATIO
SEASON (dB relative to 1 pv/m)
LONDON, KXY BUFFALO, NY
Winter 52.5 46.5
Spring 40.5 36.5
Summer 34.5 30.5
Fall 44.5 39.5
2-50
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TABLE 2.6-4e

ESTIMATED SIGNAL~TO-NOISE RATIO
FOR DANA TRANSMITTER

: SIGNAL-TO-NOISE RATIO
SEASON (dB relative to 1 pv/m)

LONDON, KY BUFFALO, NY
Winter 56.0 47.0
Spring 44,0 37.0
Summer 38.0 31.0
Fall 48.0 40.0

comparison of predicted signal-to-noise ratio to measured
signal>to-noise ratio will be made as part of the data analysis.

2.7 SUMMARY OF LORAN-C MODELS

The features of the Loran-C models discussed in this
chapter are:

Global Operational Model - Employed for navi-
gation in enroute and terminal flight phases;
recommended to be based on the U.S. Coast
Guard model predictions

Local Operational Model (Temporal) - Employed
- for navigation in non-precision approach

flight phase; characterizes temporal TD varia-

tions at the airport itself (see Eq. 2.4-6)

Local Operational Model (Spatial) - Employed
for navigation in non-precision approach
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flight phase; characterizes spatial TD varia-
tions within 20 km of the airport (see Eq.
2.4-7)

Temporal Sensitivity Model - Employed to
identify candidate locations for fixed-site
monitors, for collection of temporal Loran-C
data; approximates temporal TD variations as
being constant on hyperbolas (see Eq. 2.5-2
and Fig. 2.5-1)

Spatial Sensitivity Model - Employed to iden-
tify candidate locations for test van sites,
for collection of spatial Loran-C data near
airports; approximates spatial TD uncertainty
as being constant on ellipses (see Eq. 2.5-3
and Fig. 2.5-3)

Signal Amplitude Model - Employed with an
atmospheric noise model to predict signal-to-
noise ratio; characterizes the classical
theory signal amplitude predictions by a
simple equation (see Eq. 2.6-1).

These models provide a framework, which the FAA can use to
plan Loran-C data collection efforts and specify airborne
receiver capabilities.
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3. LORAN-C DATA COLLECTION PLAN

3.1 INTRODUCTION

To properly assess the validity of proposed computer
models, data must be collected which will allow subsequent
identification of key parameters of proposed models. This
requires a strong interaction between the model development
and data collection plan. In addition, it is necessary to
recognize the intended scope of the data collection effort and
objectives of the overall project. As a result, the data

collection plan is structured to support achievement of the
following goals:

° Development of mathematical models to
characterize the temporal variation in
Loran-C signal phase and amplitude

) Evaluation of the operational adequacy
of Loran-C signals, in terms of suscepti-
bility to noise and interference effects,
in the ground environment of a number of
airports.

The data collection plan has evolved as a two step
process. An initial data collection plan (Ref. 31) proposed
data collection procedures to enable NAFEC to collect data to
provide an assessment of Loran-C. After the computer models
discussed in Chapter 2 were developed, the initial data collec-
tion plan was revised and expanded to better support computer
model validation and long-term assessment of Loran-C signal
propagation variation. A summary of the original data collec-
tion plan and the modifications recommended by TASC are docu-
mented in Ref. 3. Implementation of the modified data collection
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plan, will result in a set of data to provide an initial
quantitative assessment of Loran-C for application to civil
aircraft navigation. The modified data collection plan is
summarized in this chapter.

3.2 DATA COLLECTION PROCEDURES

Model development is supported by two specific data
collection procedures:

°® TD data collection at various sites within
20 km of the NAFEC airport and four
additional airports

° Data collection at two fixed-site
monitors to continually collect Loran-C
TD information.

High density data near airports are required because the accu-
racy requirement in this region is the most stringent. In
particular, this is the region where the non-precision approach
accuracy requirements of the AC-90-45A specification apply.
The intent of this portion of the data collection plan is to
be able to determine if local spatial models will be required
as part of the local operational model for the approach region
of each airporﬁ and, if so, to utilize collected data to sup-
port development of these models. To assess seasonal temporal
variations in these models, data will be collected at each
airport four times a year. This will determine if the param-
eters of the local spatial model have a temporal dependence
which cannot be accounted for in the local temporal model.
Assessment of temporal dependence is important for future data
collection efforts. 1f results indicate minimal temporal
variation in spatial model parameters, spatial models (if re-

quired at all) could be formulated by collecting data once at
each airport.
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It is desirable to minimize the effects of diurnal
variations in the collected data. This is accomplished by
placing a second receiver at the airport itself to monitor
temporal TD variations during the data collection period. The
measured temporal variation from the stationary receiver can
be applied as a correction to data measured at sites surrounding
the airport. This correction is valid if temporal and spatial
variations can be decoupled, as assumed in development of
the local model. A second benefit of the stationary receiver
is that a data base is established to assess the accuracy of
differential Loran-C for the non-precision approach phase.

The correction from the stationary receiver is equivalent to
the correction that would be provided by a differential Loran-C
pattern monitor.

The intermittent nature of the data collection proce-
dures limits the utility of collected data in the assessment
of possible seasonal variations in the Loran-C grid and there-
fore has limited utility in developing local temporal models.
The data required to assess long-term seasonal variations due
to changes in the Loran-C signal propagation medium is acquired
from two fixed-site monitors. Time difference data are auto-
matically recorded once every 15 min at each site. This
high-frequency data record provides a clear history of Loran-C
TDs and possibly allows TD variations due to atmospheric noise
and chain and receiver malfunctions to be separated from
variations due to changes in the propagation medium.

The primary purpose of the fixed-site monitor data is
to establish the required complexity of the temporal portion
of the local operational model. Calibration of the local
temporal model involves establishment of cause and effect re-
lationships for'secondary phase delay variations. Additional
purposes of this data are to determine if a non-temporal global
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operational model is adequate and to assess the validity of

the homogeneous and linear assumptions utilized in the develop-
ment of the sensitivity model. Table 3.2-1 summarizes the
utility of the different data to be collected.

The data collection procedures described above are
directed at TD measurements for the following reasons:

° The data collection procedures are
designed to support an initial assessment
of the utility of Loran-C in the U.S.
National Airspace System

° Single-chain hyperbolic mode is expected
to be the primary navigation mode imple-
mented in most low-cost airborne Loran-C
receivers

° The additional information provided by
TOAs in the initial assessment of Loran-C
does not warrant the increase in experi-
mental cost and complexity associated
Zigh proper TOA data collection (Ref.

7). '

The applicability of the calibrated propagation models to
master-independent, ranging, and dual-chain Loran-C navigation
modes is discussed in Section 2.4. Although it is not recommended
that TOA data be collected for ahalzsis purposes, it is suggested
that the Austron 5000 be interfaced with a cesium beam oscillator
when not being used for tests at NAFEC. Time series plots of

TOAs can be observed by NAFEC personnel to gain experience

with TOA data, in the event that such data are collected for
analysis purposes in the future.

The second portion of the data collection plan ad-
dresses the operational adequacy of Loran-C signals. For this
aspect of the data collection plan, operational adequacy is
defined in terms of receiver susceptibility to atmospheric
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TABLE 3.2-1

UTILITY OF LORAN-C DATA FOR MODEL
CALIBRATION AND VALIDATION

T-3482
TYPE OF
DATA APPLICATION UTILIZATION
Global Operational | Determine if a non-temporal
Model model is adequate.
Local Operational Calibrate temporal portion
Model (Temporal) of the local model.
[ Fixed-Site | Temporal Assess the validity of
Monitor Sensitivity Model homogeneous and linear
Data assumptions.
Cross-Correlation Establish cause and effect
Analyses relationship in Loran-C
temporal variations. Exam-
ine correlations between
variations in differeat TD.
Local Operational Calibrate the spatial
Model (Spatial) Bgr;ion of the local model.
termine if spatial portion
of model has a temporal
Mobile-Site dependence.
(Test-Van) . .
Data Differential Data from second local-site
Loran-C Analyses receiver will minimize tem-
poral variations over data
collection period, and
enable an assessment of
differential Loran-C con-
cepts.

)

noise and RFI. A high-quality receiver (Austron 5000) and an
average-quality receiver (Micrologic ML-220) are tested in

this regard, with the understanding that atmospheric noise and
RF1 may influence other types of receivers differently. To
assess operational adequacy, RFI and noise measurements will

be made at NAFEC and four additional airports. The effects of
RF1 and noise are ascertained through use of a spectrum analyzer

and associated support equipment and receiver-generated esti-
mates of signal-to-noise ratio.
presented in Ref. 31.

Details of these tests are
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The RF1 and noise measurements are intended to vali-
date that Loran-C signal quality is adequate to enable track-
ing of Loran-C signals while on the ground in preparation for
flight. This assumes that the ground-based operations will
encounter the most significant sigral interference. One goal
of this portion of the test is to determine the susceptibility
of the Loran-C receiver to airport-related emissions. To
accomplish this, measurements will be made with Loran-C re-
ceiver equipment located at or near the following items in the
vicinity of the five test-site airports:

™ VORTAC
° Glideslope (ILS)
° Localizer (1ILS)

° Marker Beacons
' Compass Locater
° Airport Surveillance Radars

e UHF /VHF Communications

° Metal Hangers and Other Structures
® Airport Ground Traffic
) Local Power Lines.

There is a dichotomy between the RFI and local data
collection requirements. For the former, thg presence of RF1
is "desirable" in order to ascertain its effect on Loran-C
receivers, while for the latter, since propagation effects are
of interest, a minimum amount of RFI is desired. To resolve
this difference, RFI measurements should be initially made
without any receiver filtering of RFI. Then RFI filtering
should be employed to determine if the effects of RFI can be
minimized. 1f the latter cannot be accomplished, data for
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local model validation should not be collected in the immedi-
ate vicinity of the airport in question. f

3.3 LORAN-C DATA COLLECTION AREAS !

In addition to the data collection procedures defined
in the previous section, specific data collection areas for
the fixed-site monitor locations and the four airports for the
spatial variation study have been identified. The data collec-
tion areas are critical because different locations display
different sensitivity to variations in Loran-C related param-
eters. The primary factor in site selection is the relative
position of the test site to individual transmitters and SAMs
for the Northeast chain. Location relative to the transmitters
and SAMs is important because, if the propagation medium is
homogeneous, Loran-C TD sensitivity is prcportional to the
double range difference at the test site. TD data collected
at a test site on the hyperbolic LOP which passes through the
SAM is expected to display minimal seasonal variationms.

Since the purpose of data collected from the fixed-site
monitors is to identify Loran-C seasonal variations, it is
desirable to choose fixed-site monitor locations which display
a high TD sensitivity to propagation parameter variations.

" This is accomplished by selectIng a monitor site that has a
large double range difference between the monitor site and SAM
(see Section 2.5.1). Based on the temporal sensitivity model,
TD sensitivities for the four TDs of the Northeast chain are
illustrated in Figs. 3.3-1 to 3.3-4. Table 3.3-1 summarizes
TD sensitivities for six regions. Based on these results, the
two fixed-site monitors are recommended to be located at
Flight Service Stations in Buffalo, NY and London, KY. Before
any fixed-site monitor is established, the NAFEC test van will
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TABLE 3.3-1
TD SENSITIVITY TO PROPAGATION PARAMETER VARIATIONS

T-3470
DOUBLE RANGE DIFFERENCE (nm)
MONITOR LOCATION
w X Y Z
Western New York ) i
(e.g., Dunkirk) >500 >300 100-200 | 300-400
Central Kentucky ) i
(e.g., Lexington) >500 200-300 300 200-300
Northern Maine
(e.g., Houlton) 200-300 100 200 >500
Southern Virginia ) ) A
(e.g., Blacksburg) >500 100-200 | 300-400 0-100
New Jersey . ) ) i
(e.g., NAFEC) 350-400 0-50 0-100 400-450
Vermont i
(e.g., Rutland) 0-100 0-100 | 150-200 | >500

collect data at the proposed sites to assure that adequate
signal-to-noise ratio and minimum RFI conditions exists. If
signal reception is a problem at either of the two recommended
sites, Flight Service Stations in Southern Virginia represent
an acceptable alternative.

Site selection for each airport visited by the test
van also requires sufficient temporal variation in spatial
models. In addition, sites should be chosen in diverse areas
(e.g., mountaineous areas, urban areas, etc) to determine if
an: local phenomena introduce significant spatial variationms.
To meet these requirements, four airports are selected where
the double range differences for at least two TDs exceed 200
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nm and where one of the following geophysical feature is pre-
dominate:

°® Mountainous Terrain
°® Flat Terrain
® Major Metropolitan Area

® Land/Sea Path.

The last feature is to include a propagation path where signi-
ficant portions are over land and sea and does not refer to a
location that is at a land/sea boundary. Based on these cri-
teria, the following sites are recommended: Rutland, VT (moun-
tainous), Columbus, OH (flat terrain), Philadelphia, PA (metro-
politan) and Worcester, MA (land/sea). As with the fixed-site
monitor locations, test data will be collected at the recommended
sites to assure that adequate signal-to-noise ratio and minimum
RFI conditions exist before local airport locations are finalized.

For each airport, data will be collected at 10 to 20
different sites surrounding the airport. It is desired to
collect data at surrounding sites such that the data will dis-
play a spatial sensitivity. The directions from the airport
to the data collection sites are selected based on the spatial
sensitivity model developed in Section 2.5.2. The desired
data-collection radials for each TD, for each of the five
airports, are shown in Figs. 3.3-5 to 3.3-9.

Because of time limitations for test data collection,
only 10 to 20 sites can be visited at each airport. To accom-
plish this, data should be collected on three radials that
coincide with the preferred directions defined in Figs. 3.3-5
to 3.3-9 and are approximately equal in angular separation.
The recommended directions are summarized in Table 3.3-2.
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TABLE 3.3-2
PREFERRED DATA COLLECTION RADIALS

T-3471

AIRPORT l PREFERRED RADIAL DIRECTIONS

NAFEC North East Southwest

Philadelphia North East Southwest

Worcester North East-Southeast Southwest

Rutland North-Northwest East-Southeast Southwest

Columbus North-Northwest East-Northeast South~Southeast
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Final selection of sites are based on the preferred radial
directions defined in Table 3.3-2, with sites selected at
distances of approximately 5, 10, 15, and 20 km from the air-
port, if accessible by the test van. Other considerations in
the selection of local sites are: the sites must be accessible
at all times of the year and must be surveyed prior to, or
during, the data collection period. NAFEC personnel anticipate
that the data collection sites will be surveyed by either
conventional geodetic survey or by translocation with the
Transit Navigation Satellite System. In either case, the
airport itself can be referenced to the World Geodetic System
(WGS-72) via existing benchmarks. The sites should be surveyed
relative to the airport to a precision of 10 m rms or better,
to be compatible with data analysis objectives.

3.4 LORAN-C DATA COLLECTION EQUIPMENT

3.4.1 General Equipment Suite

The Loran-C data collection plan (Ref. 3) requires
four receivers (two for fixed site data collection and two for
local airport data collection), a van for transportation to
the various local airport sites, and a spectrum analyzer to
evaluate the presence of RFI. Based on the original Loran-C
test plan (Ref. 31), a majority of the required components had
been selected prior to TASC's involvement in the program.

These original equipment recommendations focused on van-related
items since the original test plan did not recommend fixed-site
monitors. Items that had been ordered or made available to

the FAA include the Austron 5000 Monitor Receiver System, a
Hewlett-Packard 8565A Spectrum Analyzer and the van itself.
Following revision of the original test plan, the utility of
these pieces of equipment were reviewed and, with the exception
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of minor modifications to the van, they were found to be
adequate to accomplish the goals of the test plan. Three
Micrologic ML-220 Loran-C receivers were subsequently pur-
chased by NAFEC. Selection of these particular receivers was
based on a review of off-the-shelf low-cost Loran-C receivers.
In deciding which receiver to purchase, a number of general
requirements had to be satisfied. These included:

° Ability to track the master and four
secondaries
) Automatic acquisition and re-acquisition

in case of temporary signal loss

° At least two adjustable notch filters
® Measure of signal-to-noise ratio
' Tracking loop characteristics consistent

with fixed-site monitor operation
° Standard digital serial output interface

® Output software program.

The first four requirements, particularly the ability to track
four secondaries, combined with cost constraints, dictate that
the receivers be microprocesser-based. Although there are a
number of microprocesser-based Loran-C receivers currently-manu-
factured and commercially-available, these are designed for

maritime applications rather than for the automatic fixed-site
monitor application. The capabilities of the Micrologic
receiver that make it best suited for the current application
are;

® Existing output software program,
developed for the Department of Trans-
portation, which automatically inter-
faces the required internal data (i.e.,
time difference measurements, signal-to-
noise ratio, etc) to the output device
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® Industry-wide standard RS-232C serial
data output interface which allows
direct interface of the receiver with a
tape recorder

® "Back-panel" access, via a 25 pin DB-
connector, to modify automatic operation
record output rate and data transfer
band rate.

Each ML-220 receiver purchased by NAFEC was modified by Micro-
logic for the fixed-site monitor application, to provide

increased smoothing of the reported 40-nsec TD jitter. Smoothing

is accomplished by a low-pass filter which is independent of
the phase-locked loops and characterized by a 2-min time
constant.

3.4.2 Notch Filters

Another aspect of Loran-C test equipment, which has
been evaluated by TASC, is the effect of Austron 5000 receiver
notch filters on measured TDs and TOAs.* Although the NAFEC
Loran-C data collection plan includes an assessment of the
effect of RFI on Loran-C performance, it is desirable to mini-
mize the effect of RFI during collection of the TD data speci-
fied in the plan, so as to isolate Loran-C signal propagation
effects. RFI is minimized by attenuating the interfering
frequencies with notch filters.

The Austron 5000 Loran-C receiver carried in the NAFEC

test van is inherently capable of providing the precise data

*The Austron 5000 receiver has the capability to measure TOAs,
when interfaced with a precision clock. Although TOA measure-
ments are not included in the initial data collection effort,
the effect of notch filters on TOAs is considered in the event

that such measurements are made in future data collection efforts.

3-19




necessary for assessment of local grid warpage in airport
approach areas. To take full advantage of the precision of
the Austron 5000 receiver, it is operated with the following
combination of notch filters:

° Three filters with tunable center fre-
quencies designed by Austron and included
in the Austron 5000 receiver

e A filter bank with fixed filter center
frequencies designed by the U.S. Coast
Guard and not included in the receiver.

The fixed notch filter bank is based on experience obtained by
the U.S. Coast Guard during calibration of the Northeast U.S.
Loran-C chain. The bank includes notch filters at interfering
frequencies generated by broadcast facilities (e.g., Annapolis
Naval communications channel NSS at 88.0 kHz) and radionaviga-
tion aids (e.g., Canadian Decca transmitter at 114.3 kHz).

The tunable notch filters can be employed to attenuate addi-
tional interfering frequencies encountered in the local areas
visited by the NAFEC test van. Potential sources of local RFI
are airport navigation and communication facilities, industrial
facilities, and power lines (Ref. 32).

The Micrologic ML-220 Loran-C receivers, employed as
fixed-site monitors during the data collection effort, are
less accurate than the Austron 5000 receiver and serve pri-
marily to monitor large-scale temporal TD variations. Each
Micrologic receiver is equipped with two notch filters which
can be tuned to attenuate the dominant interfering frequencies
identified at the receiver location. It is unlikely that the
additional reduction in RFI provided by U.S. Coast Guard notch
filter banks would contribute significantly to the utility of
the fixed-site monitor data.

3-20 i




|

Notch filters distort part of the Loran-C frequency
spectrum. Distortion of the spectrum may be accompanied by
distortion of the Loran-C pulse envelope and by phase shifts
in the 100 kHz Loran-C carrier. Loran-C receivers can nor-
mally be calibrated to compensate for the effect of the notch
filters. 1In particular, the Austron receiver caa be cali-
brated prior to the data collection effort to compensate for
the fixed U.S. Coast Guard notch filter bank. However, be-
cause the center frequencies of the tunable notch filters in
the Micrologic and Austron receivers are selected at the data
collection sites, in-field receiver calibration may be re-
quired. In-field calibration of the Micrologic receivers is
practical, since they will remain at fixed locations for an
extended period of time (three days at each airport visited by
the test van; one year at London, Kentucky and Buffalo, New
York). However, in-field calibration of the Austron receiver
may be impractical, because the test van only remains at a
local data collection site for one to two hours. A computer
simulation has been developed to predict the effect of the
tunable Austron notch filters on the Loran-C signal, for the

case where no in-field receiver calibration is performed. The

simulation model and results are discussed in the following
sections.

3.4.3 Notch Filter Simulation Model

The effect of an Austron notch filter on a Loran-C
pulse is simulated by passing an ideal Loran-C current pulse
through a second-order approximation to the Austron notch
filter. The ideal Loran-C current pulse is taken to be the
Loran-C transmitter antenna base current (Ref. 4), which is
described by the equation
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2 -
it = A (e e? (17 U8 gincantr) (3.4-1)
where
A = peak envelope current = 1 unit
A = peak envelope time = 65 psec

[ana
1

0.1 cycle/psec = 100 kHz

P
i

time (psec) referenced to start of envelope

The Loran~C pulse is an amplitude modulation of the 100 kHz
Loran-C carrier, rising to a peak value in 65 psec and decay-
ing tou one percent of peak value in approximately 300 psec
(see Fig. 3.4-1). The frequency spectrum of the Loran-C pulse
is concentrated between 90 and 110 kHz (see Fig. 3.4-2). The
spectrum magnitude peaks at 100 kHz and is down approximately
20 dB at 90 and 110 kHz. The spectrum of a train of Loran-C
pulses from a particular transmitter consists of discrete fre-
quency lines separated by 10 to 25 kHz, corresponding to pulse
group repetition intervals of 0.04 to 0.10 sec. The lines are
arranged in "bundles”" which are separated by 1 kHz, corresponding
to the 0.001 sec pulse¢ spacing within a pulse group. The
Loran-C pulse spectrum is the envelope of the discrete fre-
quency lines.

To obtain the precise data necessary to identify
Loran-C grid warpage in airport approach areas, it is necessary
to track the third-cycle positive-going zero crossing of the
Loran-C carrier (see Fig. 3.4~1). The third cycle is identified
in the Austron 5000 receiver by searching for the pair of
adjacent positive carrier peaks, whose ratio is nearest to the
ideal ratio of the third and fourth positive peaks (indicated
in Fig. 3.4-1). One ¢bjective of the notch filter simulations
is to predict the effect of Austron notch filters on third-cycle
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identification. An additional objective is to predict the shift
in the third-cycle positive-going zero crossing (i.e., Envelope-
to-Cycle Difference or ECD) induced by the notch filters.

To meet these objectives, it is assumed that the notch
filters eliminate the RFI for which they are designed and, in so
doing, delete part of the Loran-C spectrum. Each Austron notch
filter is approximated by a second-order Butterworth filter with
a particular center frequency, a -3 dB bandwidth of 3.76 kHz, and
a maximum attenuation of -40.5 kB (Ref.33). The frequency spec-
trum for the assumed notch filter is plotted in Fig. 3.4-3, for
a center frequency of 100 kHz. Since the time constant of the
notch filter is 85 psec and the time between adjacent Loran-C
pulses exceeds 700 psec (for an effective pulse duration of 300
usec), it is sufficient to examine the effect of the notch filter
on a single pulse. In the frequency domain, this implies that
a notch filter with a 3.76 kHz bandwidth is too "wide" to fit
between the Loran-C spectral lines, which are separated by 1.0 kHz
or less. That is, the actual Loran-C line spectrum may be ap-
proximated by a continuous spectrum (the pulse spectrum shown in
Fig. 3.4-2), without affecting the results of the notch filter
study.

The notch filter simulation is actually conducted in
the time domain by implementing the notch filter with a second-
order differential equation. The pulse at the output of the
notch filter (or a series of notch filters) is examined to deter-
mine the ECD and the ratio of each adjacent pair of positive
carrier peaks.

3.4.4 Notch Filter Simulation Results Pertaining to
Third-Cycle Identification

Notch filter simulations are performed for a single notch
filter over the range of center frequencies from 70 to 130 kHz,
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and for selected combinations of two or three notch filters.
The ratio of the fourth and third positive peaks of the fil-
tered pulse is presented in Fig. 3.4-4 for a single notch
filter. This ratio ranges from 1.44 to 1.57 for notch filter
center frequencies ranging from 70 kHz to 130 kHz, compared to
a ratio of 1.53 for the ideal Loran-C pulse. Corresponding
ratios of the third and second peaks exceed 2.23 for all
center frequencies, and the ratios of the fifth and fourth
peaks are less than 1.29 for all center frequencies. Because
the ratio of the fourth and third peaks is closer to the ideal
ratio of 1.53 than are the ratios of other pairs of peaks,

4372

1.65
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POSITIVE PEAKS EXCEEDS 2.23

1.80 -
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S
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150}
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Figure 3.4-4 Effect of a Single Notch Filter on Ratio
of Fourth and Third Positive Peaks
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it is expected that the Austron 5000 receiver can identify

the Loran-C third cycle correctly when using a single notch
filter.

If two or three notch filters are employed in the
simulation, the ratio of the fourth and third positive peaks
can differ significantly from the ideal ratio of 1.53. For
example, notch filters at 90, 100, and 110 kHz result in a
ratio of 1.30. However, even in this extreme case, the ratio
is closer to the ideal ratio than are the ratios of other
pairs of peaks. It is expected that each of the three Austron
notch filters can be tuned to any frequency without affecting
third-cycle identification. Nevertheless, it is prudent to
avoid placing notch filters in the 90 to 110 kHz frequency
band unless such placement is accompanied by a receiver cali-
bration.

3.4.5 Notch Filter Simulation Results Pertaining to ECD

ECD for a filtered pulse is presented in Fig. 3.4-5
for a single notch filter. The largest ECD is associated with
notch filter center frequencies near 80 and 120 kHz, while
negligible ECD is introduced for notch filter center frequen-
cies near 100 kHz. This is in contrast to the effect of a
notch filter on third-cycle identification, where the largest
effect is realized for notch filter center frequencies near
100 kHz. Since the ECD introduced by a notch filter is theo-
retically the same for pulses received from all Loran-C trans-
mitters* it is expected to cancel out in the measurement of a
TD. However, if a cesium beam clock is interfaced with the

*The ECD resulting from other sources (e.g., the finite con-
ductivity of the earth's surface) may be transmitter-dependent.
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Austron 5000 receiver to measure TOAs in a future data collec-
tion effort, the ECD introduced by the notch filters becomes a
critical factor in the quality of the resulting TOA data base.

I1f a single notch filter is employed during collec-
tion of TOA data in an airport approach area and if no re-
ceiver calibration is performed to compensate for the notch
filter, the TOA data may be biased by as much as $170 nsec
(see Fig. 3.4-5). Of even greater concern than a bias is the
potential for variations in ECD from site to site. Site-to-site
variations in ECD result if different notch filter center
frequencies are selected at different sites, and if a receiver
calibration is not performed at each site. For example, the
variation in ECD is 340 nsec if the center frequency is changed
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Figure 3.4-5 Effect of a Single Notch Filter on
Envelope-to-Cycle Difference
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from BO kHz to 120 kHz. The site-to-site variation in ECD re-
sults in an erroneous interpretation as a TOA variation, which
may make it difficult or impossible to analyze Loran-C grid
warpage in the airport approach area. This effect is com-
pounded if two or three notch filters are employed, as indi-
cated in Table 3.4-1. A TOA bias of -465 nsec results if notch
filters are placed at 70, 80, and 90 kHz. A site-to-site TOA
variation of 830 nsec results if the notch filters are changed
from 70, 80, and 90 kHz to 110, 120, and 130 kHz. If TOA data
are collected in the future and are to serve their intended pur-
pose, it is imperative that the Austron 5000 receiver be cali-
brated after each change in notch filter center frequencies.

It would be advantageous to automate the calibration procedure
in the Austron 5000 computer software, if possible.

TABLE 3.4-1

EFFECT OF MULTIPLE NOTCH FILTERS ON
ENVELOPE-TO-CYCLE DIFFERENCE

Nuggsn paﬁgﬁﬁﬁﬁxzs ECD
FILTERS (kHz ) (nsec)
70,80 -306
59’300 | i%a

Two 100,110 +103
110,120 +249

120,130 +233

70,80,90 -465

iitih, | B

Three 100,110,120 | +283
110,120.130 | +365
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4. DATA ANALYSIS PLAN

4.1 INTRODUCTION

Loran-C data, obtained in accordance with the data
collection plan outlined in Chapter 3, will be analyzed to
meet the following objectives:

° Preliminary evaluation of the Loran-C
system, for possible application to
civil aircraft navigation

. Calibration and refinement of proposed
Loran-C signal propagation models.

These objectives can not be decoupled, since evaluation of the
Loran-C system must include an assessment of model accuracy,
and calibration of Loran-C models must account for the require-
ments of civil aircraft navigation. A data analysis plan is
presented in this chapter, which provides for maximum utiliza-
tion of the Loran-C data for system evaluation and model cali-
bration.

The data analysis plan includes provisions for employ-
ing both fixed-site monitor data and mobile-site (test-van)
data for the calibration and/or initial assessment of Loran-C
signal propagation models. The analyses recommended for the
two types of data are listed in Table 4.1-1 and discussed in
Section 4.2. The analyses required to properly calibrate the
temporal component of the local operational model, using fixed-
site monitor TD data, are considerably more involved than the
other analyses indicated in Table 4.1-1. Data analysis plan
details and implementation considerations are presented for
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TABLE 4.1-1

DATA ANALYSES FOR CALIBRATION AND/OR INITIAL
ASSESSMENT OF LORAN-C MODELS

T-3533
SPECIFIC DATA ANALYSES

Compare TD Time Series to U.S. Coast
Guard Constant TD Predictions;
Transform to Position Error and
Assess the Need for a Temporal Model

Local rational Calibrate Model Parameters and

TYPE OF DATA APPLICATION

Glébal Operationil
Model

i Fixed-Site Model (Temporal) Refine Model Structure for Each
Monitor Data: TD/Monitor Pair; Consider the
Two Sites; Possibility of Employing a Common
Four TDs at Model for all TD/Monitor Pairs
Each Site;
Measured Temporal Determine Extent to Which Temporal
Continuously Sensitivity Model Variations are Proportional to the
for One Year Double Range Difference

Cross-Correlation Compute Cross-Correlation Between
Analyses TDs to Assess Uniformity of
Propagation Medium Variations;
Compute Cross-Correlation Between
TDs and Meteorological Data to
ldentify Cause/Effect Relationships

Local Operational Determine Applicabilitz of the Model
Model (Temporal) Parameters, Estimated With Fixed-
Site Data, to the Five Airports

Mobile-Site
(Test-Van) Data: | Local Operational Calibrate Model for Each TD/Airport
10 to 20 Sites Model (Spatial) Pair; Consider the Possibility of
in Each of Five Employing a Common Model for all
Airport Approach TD/Airport Pairs; Consider the Need
Areas; Four TDs for a Seasonal Dependence in the
at Each Site; Spatial Model
Measured Each
Season Differential Assess Accuracy of Local Model to
Loran-C Analyses Determine Need for Differential
Loran-C
Fixed- and SNR nodei* Compare Model Predictions With Data
gggi%e-Site to Verify Model Utility
ata

*TASC signal amplitude model combined with CCIR noise data. .
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this case in Section 4.3. The role of the data analyses in

the overall evaluation of Loran-C for civil aircraft naviga-
tion is discussed in Section 4.4, and the data analysis plan
is summarized in Section 4.5.

4.2 RECOMMENDED DATA ANALYSES

4.2.1 Analyses Conducted With Fixed-Site Monitor TD Data

Loran-C TD data are collected with two fixed-site
monitors, located at Buffalo, New York and London, Kentucky,
every 15 min for one year. The data consist of the eight TD
time series associated with the two sites and four Northeast
U.S. chain TDs, and are applicable primarily to the investiga-
tion of Loran-C temporal variations. The four specific appli-
cations indicated in Table 4.1-1 are discussed below.

Global Operational Model - It is recommended in Sec-
tion 2.4.1 that the global operational model be based on the
TD grid predicted using the current U.S. Coast Guard model.

It is necessary to compare the U.S. Coast Guard predictions
with TD data collected over at least one year to determine
whether or not the current model should be augmented to include

a temporal component. An initial indication of the need for a
temporal model component is provided by comparing the eight TD
time series with the corresponding eight constant U.S. Coast
Guard TD predictions (obtained from "lattice tables" used in
Loran-C chart production). The TD residual* time series are
transformed to position error time series, based on the optimal
TD pair at each fixed site. The statistica